We study the supersymmetry breaking patterns in four-dimensional N = 2 gauged supergravity. The model contains multiple (Abelian) vector multiplets and a single hypermultiplet which parametrizes SO(4, 1)/SO(4) coset. We derive the expressions of two gravitino masses under general gaugings and prepotential based on the embedding tensor formalism, and discuss their behaviors in some concrete models. Then we show that in a single vector multiplet case, the partial breaking always occurs when the third derivative of the prepotential exists at the vacuum, but we can have several breaking patterns otherwise.
Introduction
Extended (N ≥ 2) supergravity in four dimensions naturally appears from higher-dimensional supergravity and string compactifications (see [1, 2] for review). For phenomenological applications, we need to consider its breaking mechanism, since in extended supergravity there is no chiral-structure which is necessary to describe real world. As regards for the breaking of extended supergravity, there are several breaking patterns to be considered in contrast to N = 1 case. For example, the vacuum may preserve some supersymmetries partially. Also, even if the full breaking occurs at the vacuum, some of supersymmetry breaking scales may be degenerate or hierarchical. The purpose of this paper is to clarify the relations between the breaking patterns and input parameters in the theory, which is motivated mainly as follows:
• Indeed, some of these input parameters (e.g., gauge couplings) are determined by flux in the context of string compactifications. Therefore, it is necessary for understanding phenomenological/cosmological aspects of flux compactifications.
• The cases of the partial breaking where some supersymmetries remain unbroken, are studied well in both of the local [3] [4] [5] [6] [7] [8] [9] [10] [11] and the global [12] [13] [14] [15] [16] cases. Their relations are discussed in Refs. [4, [17] [18] [19] . Those models evade the no-go theorem [20] [21] [22] , and it is known that stable minima are ensured in this case [8] . It is also discussed about some roles of the partial breaking in the effective description of D-branes (in N = 2 case, see [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] for example). Therefore, it is important to ask under what situations the partial breaking occurs.
• From more bottom-up perspectives, if there exists an extended supersymmetry and its breaking, additional massive modes we do not have in the usual N = 1 supergravity models necessarily appear and they could affect the cosmological history. For example, in N = 2 supergravity, we have double massive gravitinos when N = 2 → 0 breaking occurs. Their effects cannot be negligible if the two breaking scales are close to each other, and the usual N = 1 description might be broken down in that case. Then, it is interesting to investigate what difference and phenomenological consequence appear if such extended supersymmetry exists. To this end, we need to know precisely the breaking patterns, the resultant spectra, and coupling constants.
As a first step in this paper, we achieve our purpose by taking N = 2 supergravity in four dimensions as the simplest and concrete example. In particular, we focus on a model which contains multiple (Abelian) vector multiplets and a single hypermultiplet which parametrizes SO(4, 1)/SO(4) coset. The isometries in the hyper sector are gauged by the vector fields in the vector multiplets as well as the graviphoton.
This model can be regarded as a multiple generalization of the vector sector of Refs. [3, 4] , where it is shown that the N = 0, 1 and 2 vacua can be realized within the single framework, depending on the gauge couplings. Therefore, the model would be appropriate for considering various breaking patterns.
1
Based on the setup above and under a specific gauging, we have explicitly constructed a model which interpolates N = 0 and N = 1 Minkowski vacua, and evaluated the mass spectrum in our previous paper [44] . Here we consider general gaugings extending our previous analysis. We employ the so-called embedding tensor formalism [45, 46] , which allows us to treat the general gauging without changing duality frame (see [47, 48] for review). Then, we derive the general expressions of the two gravitino masses and study their behaviors by case analysis. As we will see, the breaking patterns are governed by the gauge couplings and the form of the prepotential.
The paper is organized as follows. In Sec. 2, we specify our model and introduce the notation used in the paper. Then, we evaluate the gravitino masses under the general gauging in Sec. 3. There, we briefly explain their behaviors and discuss the conditions to realize special cases such as N = 1, 2 vacua. In Sec. 4, we analyze the scalar potential and derive conditions the vacuum must satisfy. In Sec. 5, we discuss the relation of the gravitino masses to the gauge couplings and the prepotential, taking into account the vacuum conditions. Section 6 is devoted to the summary. In Appendix A, we collect the spinor notations.
Setup
In this section, we specify the model. Here we follow the convention of Ref. [48] , and use the unit M P = 1, where M P = 2.4 × 10
18 GeV is the reduced Planck mass. We introduce the only relevant parts of N = 2 supergravity for our purpose, and refer the literature [48] [49] [50] [51] [52] for further details.
Vector and hyper sectors
The contents are given as follows:
An Abelian vector multiplet contains a complex scalar z i , two gauginos λ iA (A = 1, 2) and a vector A i µ . Here the index i labels the vector multiplets (i = 1, · · · , n v ). A hypermultiplet contains four real scalars b u (u = 0, · · · , 3) and two hyperinos ζ α (α = 1, 2). 2 The gravitational multiplet contains the spacetime metric g µν (µ, ν = 0, · · · , 3), two gravitinos ψ 
Vector sector
The vector sector is governed by the prepotential F (X Λ ), which is a holomorphic and homogeneous function of degree two with n v + 1 complex variables X Λ (Λ = 0, 1, · · · , n v ). In general, it can be parametrized as
where f is an arbitrary holomorphic function. It is useful to define the following holomorphic section,
where F Σ = ∂F/∂X Σ , since the electric-magnetic duality that is a symmetry of N = 2 supergravity acts on the section. Note that M labels 2n v + 2 components.
Based on Ω, the Kähler potential K is given by
where C is a symplectic invariant tensor,
We take a special coordinate as
where z i are identified as physical scalars in the vector multiplets. Then, the Kähler potential is written by
where the subscript i on f denotes the derivative with respect to z i . Finally, for later convenience, we list several quantities which appear in the Lagrangian and the supersymmetry transformations:
10)
11)
Hyper sector
As for the hyper sector, we consider the following metric [3, 4] , 
14)
where A = 1, 2 and α = 1, 2 represent the SU(2) and Sp (2) 
where c m are real constants. Then, the associated Killing vectors k u m and the moment maps P 
Gauging by embedding tensor
Now we consider to gauge the isometries (2.15). For this purpose, we employ the embedding tensor formalism [45, 46] , which is useful for discussing the general gauging of the extended supergravity. This formalism formally introduces a double copy of the gauge fields, i.e., the electric gauge fields A Λ µ and the magnetic gauge fields A µΣ (Λ, Σ = 0, 1, · · · , n v ), and gauges some of the global symmetries with the gauge couplings, 17) which are called the embedding tensor. In the following, we call Θ m Λ and Θ Σm as electric and magnetic couplings, respectively.
The tensor Θ m M must satisfy several conditions for the self-consistency of the theory [45, 46] . In our case where no isometry on the vector sector is gauged, the only corresponding constraint is
Then the covariant derivative is defined by
where T m are generators of the isometries (2.15), thus k
Note that the magnetic vectors A µΣ also participate in the gauging with the magnetic couplings Θ Σm . We also define
The introduction of the magnetic vector fields leads to the wrong counting of degree of freedom. In order to address the problem, we have to introduce two-form auxiliary fields, which enlarge gauge symmetries, and then, modify the kinetic terms for vector fields and add topological couplings accordingly. As these couplings do not affect to the following discussion, we do not write their explicit forms (see [48] [49] [50] [51] [52] for the whole expressions).
Supersymmetry transformation
Here we show the supersymmetry transformations of the fermions, which are necessary to discuss the supersymmetry breaking conditions (and patterns) in the next section. The relevant parts of supersymmetry transformations are given by [48] ,
where
The ellipses in Eqs. (2.24)-(2.26) represent terms which vanish in the Minkowski background. The matrices are given explicitly by
30)
Here α, β and γ are defined by
and we introduced their covariant derivatives as 36) and so on.
Gravitino masses
To discuss the supersymmetry breaking patterns, we need to identify the order parameters of the supersymmetry breaking. In the global supersymmetric theory, the goldstino(s) appears if the supersymmetry is spontaneously broken, and the order parameter (or breaking scale) can be read off from the goldstino transformations. In supergravity, the goldstino(s) is absorbed by the gravitino(s) through the super-higgs mechanism, and the gravitino(s) acquires a mass, which is related to the supersymmetry breaking scale at the vacuum. Therefore, in this section, we derive the expressions of the gravitino masses under the general gauging.
Gravitino masses and goldstino transformations
The corresponding parts in N = 2 supergravity Lagrangian are given by [48] ,
and we defined the goldstinos as
3)
Then, we need to diagonalize their mass matrix M ψ . This can be achieved by a unitary matrix U ,
where σ A (A = 1, 2) are the singular values of M ψ , and given explicitly by
Defining new gravitinos and goldstinos by
we can rewrite the Lagrangian (3.1) as
Let us show that the transformations of the goldstinos defined in Eq. (3.8) are also characterized by σ A . First, using Eqs. (2.24)-(2.26), the supersymmetry transformations of χ 1 and χ 2 are evaluated as
where M χ is a 2 × 2 hermitian matrix whose components are
Here we have introduced the notation, ∇α · ∇β = g ij ∇ i α∇jβ and |∇α| 2 = ∇α · ∇α. This inner product is positive definite, that is, |∇α| 2 ≥ 0 and |∇α| 2 = 0 if and only if ∇ i α = 0. Next, from the supergravity Ward identity,
whereS AB = (S AB ) * , we obtain the expression of the scalar potential and three equations:
In this paper, we focus on the Minkowski vacuum, and therefore, the following equation 
Thus, we obtain a relation
By definition, the unitary matrix U satisfies 24) which implies that we can take U as a matrix diagonalizing the supersymmetry transformation of the goldstinos (3.10), and obtain
As also understood from this expressions, σ 1 and σ 2 characterize the supersymmetry breaking as they should. Let us go back to the Lagrangian (3.9). As is obvious from Eq. (3.25), the goldstinos are eliminated by taking a unitary gauge,χ
and we obtain the canonical gravitino masses
In the following, we focus on the behaviours of σ A by neglecting a common factor e K/2 b 0 . 
Behaviours of gravitino masses at first sight
By definition, (σ 1 -σ 2 ) plane has a domain which is restricted by σ 2 ≥ σ 1 (Fig. 1) . Obviously, 3 We regard σ A as dimensionless quantities. Therefore, the gravitino masses are given by m A = an N = 2 preserving vacuum is located at its origin, and N = 1 preserving (or partially broken) vacuum corresponds to the vertical axis of σ 1 = 0 with σ 2 = 0. The other region corresponds to the N = 0 (fully broken) vacua. Let us comment on the relation between the number of gaugings and the breaking patterns. As can be seen from the expressions (3.6) and (3.7), when only one isometry is gauged, e.g., α = 0 and β = γ = 0, we always have the degenerate breaking scales
On the other hand, for the case with the two directions gauged, e.g., α, β = 0 and γ = 0, we have rich breaking patterns. In this case, we can parametrize σ A (A = 1, 2) as
29)
where φ ≡ argα − argβ. The figure 2 shows the parametric plot in (σ 1 -σ 2 ) plane under 0 ≤ |α|, |β| ≤ 0.5 with fixed φ = {0,
}. When φ = 0, we have degenerate breaking scales. As φ approaches to π/2, the breaking scales can be hierarchical and the N = 1 (partial breaking) can be covered when φ = π/2.
To conclude, we have obtained general expressions of gravitino masses (or supersymmetry breaking scales) in the model containing a single hypermultiplet gauged by n v -Abelian vector multiplets and graviphoton. These observations are based on the assumption that the parameters Θ m M and the prepotential f (or their specific combinations α, β, and γ) can be Figure 2 : φ ≡ argα − argβ dependence of σ 1 and σ 2 in the case with two isometries gauged. As the parameters |α| and |β|, we change them under 0 ≤ |α|, |β| ≤ 0.5. changed independently. We need to check that these breaking patterns are really realized at the minimum since the minimization conditions of the scalar potential should impose some constraints between the parameters and vacuum expectation values of z i , which is going to be a topic in the next section.
Condition for special cases
Before going to the detailed analysis of the scalar potential, let us discuss special cases, where N = 2 and 1 supersymmetries are preserved. At these vacua, the parameters Θ m M or α, β, γ are further restricted by several conditions. Here we summarize them for later convenience. The following discussion is based on the approach of Ref. [8] .
N = 2 (no breaking)
From Eq. (3.6), the condition for N = 2 preserving vacuum is X + = X − = 0, which leads to
In terms of the embedding tensor, these equations can be written as
Also, from Eq. (3.19), we have Since the matrix ImF ΛΣ has to be invertible for special geometry, the equation (3.36) leads to 37) which means that no gauging is a solution in our setup.
N = 1 (partial breaking)
Next, we derive the conditions for the partial breaking. Obviously, it occurs when X + = X − , that is,
In the following, we see the consequence of this equation, dividing the cases by the number of gaugings. In the same way with the subsection 3.3.1, we obtain
which contradicts with Θ 1 M = 0. Therefore, the one isometry gauging cannot realize the partial breaking. By summing these two equations, we obtain |∇α ± i∇β| 2 = 0. Therefore, we also have ∇ i α ± i∇ i β = 0. By repeating the same process, we obtain 
Based on these equations, it is straightforward to show that the following equation
holds, which implies
Note that w = ±1 and w = ±i imply Θ 1 M = 0 and Θ 2 M = 0 respectively, and we exclude these cases. Then, in terms of the embedding tensor, we have 
Scalar potential analysis
In this section, we discuss the scalar potential (3.15) and its minimum. Here we show it again:
Note that it can be rewritten as
The stationary point of the scalar potential is given by solving
The former (4.5) is equivalent to impose
which is already ensured by the Minkowski vacuum condition (3.19) . As for the latter (4.6), we can compute it as
In the derivation, we have used
and Eq. (2.12). Then, in terms of α, β, and γ, the equation (4.6) is summarized as
As summary, we derived the conditions the vacuum must satisfy: Eqs. (3.19) and (4.9). Also, the embedding tensor must satisfy the constraints (2.19)-(2.21). We need to investigate the behaviors of σ A , under these conditions. In general, they depend on the values of gauge coupling constants Θ Before closing this section, let us comment on the three equations of the supergravity identity (3.16)-(3.18). Indeed, they are equivalent to the constraints on the embedding tensor (2.19)-(2.21). This can be seen by noting that the right-hand-side in Eqs. (3.16)-(3.18) can be expressed as
Then, note the following relation [18] ,
where M M N is a symmetric matrix (see [18] for the explicit expression). By substituting Eq. (4.11) into Eq. (4.10), the remaining parts are 12) which vanish under the constraints (3.16)-(3.18).
Behaviors of two supersymmetry breaking scales in explicit models
In this section, we consider some examples which satisfy the different vacuum conditions, and investigate how the supersymmetry breaking scales change.
Single vector multiplet
First, let us focus on the case of a single vector multiplet (n v = 1). In this case, the conditions (3.19) and (4.9) become
As for Eq. (5.2), we have two choices:
since g zz = 0. Let us consider the two cases separately below.
Case A
Let us start from the case, (5.3). Here, we assume that the prepotential takes the form
which obviously satisfies f zzz = 0. Then, the vacuum condition (5.1) is reduced to
Since g zz = 4(Rez) 2 , we should impose Rez = 0, and the equation (5.6) constrains the components of the embedding tensor. 4 Next, let us consider some examples by assuming the following forms of the embedding tensors, 
where we have assumed E ≥ M ≥ 0 in the example (iii). The first example (i) obviously predicts a degenerate breaking scale. For the examples (ii) and (iii), we show the gauge coupling dependence of the two breaking scales in Fig. 3 , changing the parameters as 0 ≤ E 1 , E 2 , E, M ≤ 0.5. In the case (ii), we fixed z = 1 + i. In both cases, the two breaking scales can take different values, but the case (ii) cannot cover the line σ 1 = 0 except for the origin, in contrast to the case (iii). Note that this fact is independent of the value of z in Eq. (5.9) because σ 1 = 0 implies 11) and therefore, it also leads to σ 2 = 0 (N = 2 preserving vacuum). In the second equivalence, we have used Rez = 0. This is consistent with the result of subsection. 3.3.2, where it is explicitly shown that the pure electric gauging cannot realize the partial breaking σ 1 = 0, σ 2 = 0. 
Case B
When f zzz = 0 hold at the vacuum, the condition (5.4) must be satisfied. This condition is nothing but the partial breaking condition (3.50) with n v = 1. Therefore, N = 1 supersymmetry always remains at the vacuum in this case. Here, we explicitly construct a model satisfying the condition (5.4) and show that the partial breaking actually occurs.
Let us assume that the prepotential takes the form, 
14) 15) are satisfied. These equations determine z and a as
where we have assumed b and c are real just for simplicity.
In Fig. 4 (the right), we plotted the two breaking scales σ A under the conditions (5.16). The parameters E 1 , E 2 , E 3 and M are assigned to take the values in {−0.1, 0.1}, Also, we have set b = c = 1. It can be found that all the points are located on the line σ 1 = 0, which means that the partial breaking always occurs in this case. As explicitly shown in Ref. [8] , the partially broken vacuum is ensured to be stable.
Multiple vector multiplets
Finally, we study the case of multiple vector multiplets. The case analysis of the condition (4.9) is not simple unlike the single case. Nevertheless, we roughly divide the situations into the following two cases, Case A : f ijk = 0, for all i, (5.17) Case B : f ijk = 0, for some i, (5.18) in order to illustrate the similarity and the difference with n v = 1 case. The case A manifestly satisfies the condition (4.9). Then, all we have to take into account are only the constraints (2.19)-(2.21) and the Minkowski condition (3.19) . The situation is almost the same with the single case, and we can realize several types of supersymmetry breaking, N = 0, 1, 2.
In the case B, however, more conditions on the embedding tensor are required. The condition (4.9) in this case seems complicated, but we realize soon that it can be satisfied if the partial breaking condition (3.50) is satisfied, since
Therefore, we can obtain the partially broken vacuum as n v = 1 case. However, there exist other solutions of Eq. (4.9) which do not necessarily satisfy the partial breaking condition. This is contrast to the situation of n v = 1 case, where we always have the partially broken vacuum if the cubic coupling in the prepotential exists. To show it based on an explicit model, we consider n v = 2 case, and choose the prepotential as
Also, the form of the embedding tensor is assumed to be 25) are the solutions of Eqs. (3.19) and (4.9). Each value of σ A is given by
with
31)
Here X ± are defined by Eq. (3.7). Then, it can be found that σ 1 can be nonzero, and there exist full broken vacua even when we consider the case f ijk = 0. In the case (I),(III), and (IV), we have degenerate supersymmetry breaking scales. As for the case (II), we have shown the Θ Although there are some massless scalars, tachyonic mode does not exist.
Summary
In the paper, we analyzed the patterns of supersymmetry breaking in N = 2 gauged supergravity with multiple vector multiplets and a single hypermultiplet. Based on the embedding tensor formalism, we derived the general expressions of the two gravitino masses (3.6) (supersymmetry breaking scales) under the gauging of the isometry (2.15). Then, we discussed how they change depending on the input parameters such as the gauge coupling constants and the prepotential, taking into account the conditions the vacuum must satisfy.
In the case with a single vector multiplet, we can classify the situation by the vacuum expectation value of the third derivative of the prepotential, f zzz . When f zzz = 0, we have varieties of the breaking patterns, depending on the gauge couplings (see Fig. 3 ). When f zzz = 0, on the other hand, it was shown that the N = 1 supersymmetry always remains. This result does not depend on the specific choice of the prepotential and the form of the embedding tensor, as long as Eq. (5.4) has a solution. For the case of multiple vector multiplets, we found that the full breaking can be realized even when the third derivatives of the prepotential are nontrivial. These observations would be important when we discuss the relation to the string compactifications, D-brane effective action, and the particle phenomenology/cosmology.
As future directions, it is important to investigate the mass spectrum other than the gravitinos, especially, how they change depending on the two supersymmetry breaking scales and affects the low energy physics. There is also a room for further generalizations of our model: The extension of the hyper sector and non-Abelian generalization may change the situation significantly. Also, applications to other extended supergravities in various dimensions are interesting themes. We will study these issues elsewhere.
A Spinor notation
Here, we summarize spinor conventions.
The SU(2) and Sp(2) invariant tensors satisfy 
